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Abbreviations: APX, ascorbate peroxidase; CAT, catalase; ECS, -glutamylcysteine synthetase; DR,
dehydroascorbate reductase; GR, glutathione reductase; (h)GSHS, (homo)glutathione synthetase; MR,





ROS metabolism in nodules
complex interaction (and balance) of ROS and antioxidants among cell compartments
RNS metabolism in nodules




































































































Four aspects of ROS/RNS metabolism in nodules
• Superoxide dismutases: ROS metabolism
• Thiols (glutathione and homoglutathione synthesis): ROS/RNS metabolism
• Nitrosoglutathione reductase: RNS metabolism
• Nonsymbiotic and truncated hemoglobins: ROS/RNS interaction/metabolism
Superoxide dismutases in nodules






in situ RNA localization in indeterminate nodules
expression is mainly localized in zones I + II 
Cytosolic CuZnSOD: 
immunolocalization of the protein in Sesbania nodules








in situ RNA localization in indeterminate nodules
expression is mainly localized in the infected zone 




localization of promoter activity in Lotus japonicus
promoter activity can be detected in vascular bundles
MnSOD and FeSOD: 
immunolocalization of the proteins in Sesbania nodules
MnSOD is present in the mitochondria of vascular bundle cells and FeSOD in the 
chloroplasts of stem nodules and in nuclei of stem and root nodules
MnSOD
FeSOD
Superoxide production in Sesbania nodules
this ROS is mainly produced in the vascular bundles in the cortex of stem and root nodules
Four aspects of ROS/RNS metabolism in nodules
• Superoxide dismutases: ROS metabolism
• Thiols (glutathione and homoglutathione synthesis): ROS/RNS metabolism
• Nitrosoglutathione reductase: RNS metabolism
































GSH is widespread in organisms but hGSH is exclusive of legumes
Glu-Cys (EC)











GSH and hGSH synthesis involves two sequential ATP-dependent reactions





















ECS is localized exclusively in 
the plastids of nodules and in 
the chloroplasts of leaves and 










GSHS and hGSHS are localized 
in both the plastids and cytosol 
in roots, nodules and leaves
Thiol metabolism in nodules
• the enzymes ECS and (h)GSHS are present in the plastids and/or cytosol 
• (h)GSH synthesis in the cytosol requires export of  EC  from plastids; this has regulatory implications 
• bacteroids have their own ECS and GSHS, which have poor homology with the plant enzymes
Thiol metabolism
expression of the GSHS gene, but not of the hGSHS gene, is induced by indole-3-acetic acid (IAA),
cytokinins (CK), and polyamines (PA), suggesting different functions for the corresponding enzymes



















































Four aspects of ROS/RNS metabolism in nodules
• Superoxide dismutases: ROS metabolism
• Thiols (glutathione and homoglutathione synthesis): ROS/RNS metabolism
• Nitrosoglutathione reductase: RNS metabolism
• Nonsymbiotic and truncated hemoglobins: ROS/RNS interaction/metabolism
• GSNO is not just a NO reservoir or a form for NO transport. In animals, GSNO participates in the 
post-translational modification of proteins by nitrosylation
• In plants, GSNO is involved in abiotic and biotic stress responses. 
Nitrosoglutathione (GSNO) and nitrosoglutathione reductase (GSNOR)
• GSNOR belongs to the alcohol dehydrogenase family of enzymes and has a dual function: GSNO 
catabolyzing activity (GSNOR) and GSH-dependent formaldehyde dehydrogenase activity (FDH)
• In animals, and presumably also in plants, GSNOR activity catalyzes the reduction of GSNO by 
NADH producing GSSG and NH2OH and regulates NO levels
• In plants, GSNOR is involved in abiotic and biotic stress (such as heavy metals, wounding, and 
pathogen attack) and in response to stress-related compounds (jasmonic and salicylic acids). In 
leaves, GSNOR has been localized in the chollenchyma cells






















































































Alcohol dehydrogenase/GSNOR gene family of Lotus japonicus
at least five genes have been  identified in this model legume; one of them, which we have designated 
as LjADH4, is orthologous to the Arabidopsis GSNOR
Alcohol dehydrogenase/GSNOR enzyme family: 
phylogenetic analysis of higher plant proteins
predicted proteins group in three clusters: one includes typical ADHs, one includes GSNOR enzymes, 















































LjADH/GSNOR genes: differential expression in plant tissues
LjGSNOR (and other genes of the alcohol dehydrogenase family) is expressed in all plant organs, 

































Four aspects of ROS/RNS metabolism in nodules
• Superoxide dismutases: ROS metabolism
• Thiols (glutathione and homoglutathione synthesis): ROS/RNS metabolism
• Nitrosoglutathione reductase: RNS metabolism
• Nonsymbiotic and truncated hemoglobins: ROS/RNS interaction/metabolism
(A) Classical “3-on-3” structure of leghemoglobins and nonsymbiotic hemoglobins 
(B) “2-on-2” structure of truncated hemoglobins
[Hoy & Hargrove (2008) Plant Physiol Biochem 46: 371-379]
Plant hemoglobins
• three types: symbiotic (leghemoglobins and some hemoglobins from actinorhizal plants), 
nonsymbiotic, and truncated 
• nonsymbiotic are further divided into class 1 and class 2, based on amino acid sequences 
and biochemical properties
113 115 117 141
113 203 196
116 115 117 138
91 910 593
98 115 117 129
98 1391 139
137 131 145 94
103 1641 89







Nonsymbiotic and truncated hemoglobins of Lotus japonicus
• five hemoglobin genes, encoding two class 1 (GLB1), one class 2 (GLB2), and two truncated (GLB3) 
proteins
• all genes have four exons and three introns, organized similarly to the GLB1, GLB2, and GLB3



































































Phylogenetic analysis of 
GLB proteins of higher 
plants
• three clusters corresponding to the 
three types of hemoglobins 
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Hemoglobins of Lotus japonicus: 
differential expression in plant tissues
• one gene of each hemoglobin type (LjGLB1-1, LjGLB2, and LjGLB3-1) is highly expressed in 
nodules
• LjGLB1-2 is expressed almost exclusively in leaves and nodules, whereas LjGLB3-2 in 
































Hemoglobin genes of Lotus japonicus: 
effects of nitric oxide and abiotic stress
• LjGLB1-1 was the only gene responsive to NO (using SNAP and SNP as NO donors)






























































































Hemoglobins of Lotus japonicus:
differential expression in response to hormones
• abscisic acid (ABA), 1-aminocyclopropane-1-carboxylic acid (ACC), and polyamines (PA) induce 
LjGLB1-1 expression









Hemoglobins of Lotus japonicus: in situ localization of mRNAs
• LjGLB1-1 and LjGLB1-2 mRNAs are localized in the infected zone, vascular bundles, and inner cortex
• LjGLB2 and LjGLB3-2 are preferentially expressed in the mid/inner cortex and vascular bundles
LjGLB2
(a) (b) (d)(c)
Nonsymbiotic hemoglobin LjGLB2: promoter activity localization
• in roots, the LjGLB2 promoter is active in the tips and vacular bundles
• in young nodules, the promoter is more active in the cortex,  infected zone (especially in the periphery)  
and vascular bundles;  however, as nodules age, staining can be seen only in the vascular bundles 
Truncated hemoglobins LjGLB3-1 and LjGLB3-2: promoter activity localization
• in roots, the two promoters are active in the tips and vascular tissue 
• in young nodules, the LjGLB3-1 promoter is active in the cortex, infected zone,  and vascular bundles; as nodules  
age, staining can be only seen in the mid/inner cortex and vascular bundles
• in nodules, LjGLB3-2 promoter activity is seen in the mid-cortex and vascular bundles
Conclusions and prospects
• Superoxide dismutases and hemoglobins are highly expressed in vascular
bundle cells, which may be explained by the high metabolic activity of these
cells associated with metabolite transport
• GSH and hGSH are synthesized in the plastids and cytosol of nodules, but
EC needs to be exported from the plastids. The GSHS and hGSHS genes
are differentially regulated in response to NO or hormones, suggesting
different functions for the two thiols. Localization of promoter activities will be
determined
• GSNOR (LjADH4) is expressed at significant levels in nodules and a novel
ADH (LjADH5), with pehaps intermediate properties between ADH and
GSNOR, has been identified. Recombinant proteins are being prepared for
biochemical characterization
• Hemoglobins GLB1-1, GLB2 and GLB3-1 are highly expressed in nodules and
may be essential for symbiosis. GLB1-1 may be involved in NO metabolism
(as occurs for the GLB1s of monocots), whereas GLB2 and GLB3-1 may play
roles related to nodule development. Recombinant proteins and RNAi lines
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